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Abstract Theoretical models suggest that in order to maximise their collective power out-7
put, tidal turbines should be arranged in a single cross-stream row and optimally spaced to8
exploit local blockage effects. However, because it is assumed that the turbines within these9
arrays are identical, such models do not consider the possibility of enhanced power produc-10
tion through the exploitation of spanwise variations in local blockage and resistance. In this11
paper, we use depth-averaged numerical simulations to investigate whether the performance12
of a tidal turbine array can be further enhanced by varying solely the local blockage, solely13
the local resistance, or both local blockage and resistance together, across the array width.14
Our results suggest that for an initially uniform flow field, the optimal tidal turbine array is15
also uniform, that is to say that it comprises turbines of equal size, spacing, and resistance.16
This finding is encouraging because it is more cost-effective and much simpler to design17
each turbine to be the same and to operate in the same way. Together with earlier findings,18
these results also suggest a more general, and perhaps unsurprising, conclusion that tidal19
turbine arrays perform best when designed to match site-specific natural flow conditions.20
21
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1 Introduction24
In designing a wind or tidal turbine, one of the key challenges is to understand how the25
performance of the turbine is defined by its interactions with the flow field. This problem is26
complicated by the need to describe fluid-structure interactions over multiple length scales;27
a task which becomes exceedingly complex for turbines within large arrays (Adcock et al.,28
2015; Vennell et al., 2015). One way to approach this problem is to use a simple theoretical29
model to analyse the performance of an idealised turbine in an idealised flow field. The30
simplest of these models is actuator disc theory, which approximates the spinning turbine31
rotor as a porous disc of uniform resistance (Burton et al., 2001). Simplifying the turbine32
structure in this way eliminates the need to resolve flow features at smaller scales, and allows33
arguments of mass, momentum, and energy to describe how factors such as the geometric34
blockage ratio and resistance of the turbine affect its performance.35
One of the earliest applications of actuator disc theory produced what is commonly36
termed the Betz limit; a well-known theoretical result which establishes that a wind turbine37
can extract no more than ∼59.3% of the kinetic energy of the air which would pass through38
the swept area in the absence of the turbine (Betz, 1920; Joukowsky, 1920; Okulov et al.,39
2012). Despite the simplifications involved in its development, the Betz limit has proven40
a useful benchmark for wind turbine performance and has inspired numerous extensions41
to the classical turbine model. In recent years, actuator disc theory has provided valuable42
insights into the performance of tidal stream turbines, having been extended to approximate43
more closely the flow conditions that such turbines experience (Garrett & Cummins, 2007;44
Whelan et al., 2009; Houlsby et al., 2008; Vennell, 2010; Draper et al., 2016) and to analyse45
their performance when placed in different arrangements (Nishino & Willden, 2012, 2013;46
Vogel et al., 2016; Draper et al., 2014a,b).47
Vennell (2010) has shown that in order to maximise their collective power output, tidal48
turbines should be placed side-by-side to create a single cross-stream row. By maximis-49
ing the global blockage ratio, which is defined as the ratio of array swept area to channel50
cross-sectional area, this arrangement allows the turbines not only to extract more power51
(Garrett & Cummins, 2007) but to do so more efficiently, with less power lost in wake mix-52
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ing (Draper et al., 2010). By making a number of additional assumptions, Nishino & Willden53
(2012, 2013) and Vogel et al. (2016) have shown that the performance of a cross-stream row54
can be further enhanced by adjusting the lateral spacing between the turbines to optimise55
the local blockage ratio, which is defined as the ratio of turbine swept area to local flow56
cross-sectional area. Further analysis by Draper et al. (2014a,b) suggests that a single, care-57
fully spaced, cross-stream row is in fact the optimal arrangement for tidal turbines, ensuring58
both a higher power output per turbine and approximately equal distributions of thrust and59
power among the turbines. The two-scale actuator disc model of Nishino & Willden (2012)60
appears, therefore, to provide the simplest description of an optimal tidal turbine arrange-61
ment. However, because the two-scale model assumes that each turbine within the array62
is identical and that the depth of the idealised channel is uniform across its width, it does63
not consider the possibility that more power could be produced by exploiting the spanwise64
variations in local blockage and resistance which may naturally arise in practice.65
In this paper, numerical simulations are used to investigate whether the performance of a66
tidal turbine array can be further enhanced by exploiting such variations. The combined ar-67
ray and channel model developed by Bonar (2017) is first used to simulate steady, uniform,68
and depth-averaged flow through an idealised channel with low background roughness. A69
sub-grid-scale actuator disc model is used to introduce an array of global blockage 0.1 and70
the turbines are arranged to achieve near-optimal uniform local blockage and resistance pro-71
files. Non-uniform profiles are then used to investigate whether the performance of the array72
can be further enhanced by varying solely the local blockage, solely the local resistance, or73
both local blockage and resistance together, across the array width. This analysis extends74
the works of Hunter et al. (2015) and Adcock (2015) to consider the effects of spanwise75
variations in local blockage as well as local resistance, and to measure array performance in76
terms of both the collective power output of the turbines and their global power coefficient.77
The analysis also complements the work of Draper et al. (2016) by examining the perfor-78
mance of a turbine array idealised by a non-uniform local resistance in a uniform flow field,79
as compared to that of a turbine represented by a uniform local resistance in a non-uniform80
flow field.81
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Fig. 1: (Colour online.) Plan views of the model domain showing (near) steady-state contours of: (a) surface
elevation η(x,y) normalised by channel still water depth d, and; (b) depth-averaged velocity magnitude
u(x,y) normalised by unexploited channel velocity u0. A steady current is driven from left to right by a fixed
head difference ζ and the turbine array is extended inward from one side of the channel.
2 Model82
Bonar (2017) has developed an idealised numerical model to explore the potential for local83
blockage effects to enhance the performance of turbines in tidal channels. In this study,84
the same model is used to analyse the performance of non-uniform tidal turbine arrays in85
uniform flow. The main features of the model are described as follows.86
2.1 Channel-scale flow87
Channel-scale flow is simulated by using the open-source hydrodynamic model ADCIRC88
to solve the depth-averaged shallow water equations by means of a discontinuous Galerkin89
(DG) finite element scheme (Kubatko et al., 2006, 2009). As illustrated in Fig. 1, the domain90
of interest is an idealised channel of depth 20 m, width 4 km, and length 20 km. The channel91
walls are set to allow tangential slip and a steady current is produced by establishing a fixed92
head difference ζ between the two ocean boundaries, which are placed in deep water (in93
this case, in water 1 km deep) and positioned far upstream and downstream of the channel94
(at distances of 50 km) in order to minimise reflections (Adcock, 2015). The contours in95
Fig. 1a describe a typical variation in free surface elevation, as flow is driven from the96
upstream ocean boundary at x/d = −3000, through the central channel located between97
x/d = −500 and x/d = +500 (where the depth drops slightly below the still water level),98
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and toward the downstream ocean boundary at x/d =+3000. The contours in Fig. 1b show99
the corresponding variation in depth-averaged velocity magnitude, with continuity ensuring100
that velocities are highest in the shallow central channel and practically negligible at the101
ocean boundaries where the depth is much greater. Fig. 1b also demonstrates the formation102
of an array-scale wake around the single row of turbines located at x/d = 0, and shows that103
this wake extends beyond the end of the shallow channel and into deeper water.104
In the absence of turbines, the flow loses energy to seabed drag, changes in cross-section,105
and turbulent mixing. The drag due to seabed roughness is calculated as F = ρAbu|u|Cd , in106
which ρ is the fluid density, Ab is the plan area of the seabed, u is the depth-averaged ve-107
locity vector, and Cd is a dimensionless seabed drag coefficient. For large-scale tidal models108
such as these, Cd values of ∼ 0.0025 are typical (Soulsby, 1997) but, in this study, a much109
lower seabed drag coefficient is chosen to ensure that the results from the numerical model110
are comparable to those of the frictionless two-scale actuator disc theory. A value of Cd =111
0.0005 is found by iteration to provide a good compromise between minimising the effects112
of channel background roughness and maintaining model stability. A relatively small head113
difference of ζ = 0.05 m, which produces an unexploited channel velocity of u0≈ 0.964 m/s,114
is then selected to ensure that the model remains stable even for very high turbine resistance.115
Mixing is controlled by a spatially and temporally constant horizontal eddy viscosity coef-116
ficient, the value of which is calculated, following Borthwick & Barber (1992) and Kuipers117
& Vreugdenhil (1973), as ν = 5.9h|u|
√
Cd≈2.55m2/s, in which h = d+η is the total depth118
of flow, with d the still water depth and η the free surface elevation.119
2.2 Local-scale flow120
The extraction of energy and resulting changes to the flow field are simulated using the121
open channel actuator disc model derived by Houlsby et al. (2008). Following Draper et122
al. (2010) and Draper (2011), Serhadlıoğlu (2014) introduced this actuator disc model into123
the DG-ADCIRC code at sub-grid scale, thereby enabling idealised turbines, each defined124
by a local blockage ratio and local resistance coefficient, to be inserted between numeri-125
cal elements within the computational grid. The channel-scale flow between these elements126







Fig. 2: (Colour online.) Schematic representations (cross-sectional views) of turbine arrays with
non-uniform local blockage profiles and their implied reflectional symmetries.
provides boundary conditions for the turbine model within their shared edge, which calcu-127
lates the extracted power and imposes the associated loss of momentum as a discontinuous128
reduction in fluid depth (Draper et al., 2010). Coupling the DG-ADCIRC and actuator disc129
models in this way allows the largely two-dimensional array-scale flow problem to be solved130
numerically, whilst the highly three-dimensional local-scale problem is modelled analyti-131
cally at sub-grid scale. Though simplistic, this line sink modelling approach has been shown132
by laboratory experiment to be a reasonably accurate means of describing the momentum133
deficit imparted by model-scale rows of porous discs (Draper et al., 2013).134
The local blockage ratio is defined, following Nishino & Willden (2012) and Vogel et135
al. (2016), as BL = AT/hwL, in which AT is the swept area of the turbine, h is the total depth136
of flow, and wL is the width of the local flow passage. Assuming a single cross-stream row137
comprising turbines of equal size and spacing, the global blockage may then be expressed138
as BG = nAT/hwC, in which n is the number of turbines and wC is the channel width; and139
the array blockage defined as BA = hwA/hwC, in which wA(= nwL) is the array width (see140
Fig. 2). The local resistance is represented, following Houlsby et al. (2008) and Draper et al.141
(2010), by a local wake velocity coefficient α4L, which is defined as the ratio of the velocity142
at the pressure equalisation point in the near wake of the turbine to the velocity measured143
far upstream of the turbine. In this particular code, the local blockage and resistance of144
the turbine(s) within a given numerical edge are determined by the average of the BL and145
α4L values assigned to the two computational nodes which the edge connects (see Fig. 2).146
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The depth and velocity of the flow passing through the turbine(s) are similarly obtained147
as the averages of the values calculated at these two connected nodes. The actuator disc148
model allows array performance to be measured using different metrics, three of which are149
considered in this study: the extractable power Pex, which is defined as the total amount150
of power removed from the flow; the available power Pav, which is defined as the amount151
remaining when the power dissipated in local-scale mixing is subtracted from Pex; and the152
global power coefficient CPG, which is defined as the ratio of Pav to the kinetic energy flux153
of channel-scale flow measured just downstream of the channel entrance.154
2.3 Validation155
A uniform, unstructured grid is used to discretise the model domain into 17,436 triangular156
elements, with short sides ranging in length from 100 m in the central channel to 2 km at157
the ocean boundaries. A single cross-stream row of turbines with global blockage BG = 0.1158
is then extended inward from one side of the channel, and a steady current is produced by159
establishing a fixed head difference of ζ = 0.05 m between the upstream and downstream160
ocean boundaries. Linear basis functions are specified and the model solutions are advanced161
in time using a second-order Runge-Kutta scheme with a 1 s time step. The model is allowed162
to spin up from still water conditions for 2 days, after which results from the following 12163
hours are extracted and time-averaged. In this steady, low roughness flow, a high turbine164
resistance produces a gently undulating array-scale wake, broadly similar to that which may165
be observed behind a bluff body at subcritical Reynolds number. The effect of this unsteadi-166
ness is to extend greatly the amount of time required for the model to achieve a (near) steady167
state and thus ensure that the chosen sampling period overestimates the performance of high168
resistance arrays. Whilst this problem is thought not to affect the overall conclusions of the169
present work, the effect of unsteady wakes on power production will clearly require further170
investigation with a more sophisticated numerical model.171
Despite key differences in the underlying assumptions, the numerical array and channel172
models are shown to reproduce quite well the predictions from the corresponding theoretical173
models. Estimates of the channel’s maximum extractable power (also known as the channel’s174
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Fig. 3: (Colour online.) Comparisons between numerical (solid lines) and theoretical (dotted lines) model
results for uniform arrays in channels with seabed drag coefficient Cd and flow driven by head difference
ζ = 0.0025d: (a) estimates of maximum extractable power Pmaxex for very large, full-width arrays, and; (b)
variation in maximum global power coefficient CmaxPG with local blockage BL for the chosen array.
‘potential’), calculated for different seabed drag coefficients and using very large, full-width175
arrays (BL = BG = 0.8), are found to match with predictions from the theoretical channel176
model of Garrett & Cummins (2005) (Fig. 3a); whilst the measured variation in maximum177
global power coefficient with local blockage is found to agree well with results from the178
two-scale actuator disc theory of Nishino & Willden (2012) (Fig. 3b). The agreement with179
two-scale theory is shown to be poorer at high local blockage where the model is known to180
overestimate the performance of the array, but clearly sufficient to capture the leading-order181
physics.182
3 Results183
Optimal uniform turbine arrangements are first identified by interpolating between uniform184
local blockage BL and local resistance α4L profiles. The following near-optimal uniform ar-185
rangements (to the nearest whole number of turbine edges) are then chosen as the starting186
points for the analysis: BL = 0.5714 and α4L = 0.583, which produce a global power coef-187
ficient CPG of ∼0.966; and BL = 0.2 and α4L = 0.424, which yield an available power Pav188
of ∼2.311 MW, or ∼ 16% of the channel’s ∼14.6 MW potential. The arrangements which189
maximise Pav and CPG are quite different, in this case, because the low background rough-190
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ness makes the channel-scale kinetic energy flux quite sensitive to the turbine resistance191
(Bonar, 2017).192
Starting with these near-optimal uniform arrangements, the effects of non-uniformity on193
array performance are explored by varying BL and α4L across the width of the array. The194
resulting non-uniform profiles are considered bilaterally symmetric due to their reflectional195
symmetry about the mainland boundary from which the array is extended into the channel196
(see Figs. 1 and 2), and include arrays with uniform BL but non-uniform α4L, uniform α4L197
but non-uniform BL, and select examples for which both BL and α4L are non-uniform. In198
all cases BL and α4L are varied linearly across the turbine edges, with variations denoted199
by the extreme values at the edges nearest to (centre edge) and furthest from (end edge)200
the channel wall (see Fig. 2). In addition to CPG and Pav, the effects of non-uniform local201
blockage and resistance on the local-scale extraction efficiency, which is defined as the ratio202
of Pav to Pex, and channel-scale kinetic energy flux are also considered. For brevity, however,203
the corresponding figures for these additional metrics are placed in an appendix.204
3.1 Non-uniform local resistance205
The analysis begins by exploring the performance of arrays with uniform local blockage BL206
but non-uniform local resistance α4L. Figs. 4a and 4b illustrate the variations in global power207
coefficient CPG and available power Pav with centre and end local resistance α4L, normalised208
by the values obtained using the initial uniform arrangements.209
Although the values of CPG obtained using non-uniform α4L are not quite as high as210
that obtained using uniform α4L, Fig. 4a shows that a considerable range of non-uniform211
local resistance profiles produce global power coefficients within∼3% of this value. Fig. 4b212
reveals a similar trend for Pav, for which the corresponding range is even greater. (The cor-213
responding variations in local-scale extraction efficiency and channel-scale kinetic energy214
flux are shown in the appendix — see Figs. A1 and A2.) These findings agree with those of215
Adcock (2015), who used a similar DG-ADCIRC model to show that although linear varia-216
tions in local resistance can produce up to 5% more power in horizontally sheared flow, the217
performance of the array is relatively insensitive to the local resistance profile.218
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Fig. 4: (Colour online.) Variation in normalised: (a) global power coefficient CPG, and; (b) available power
Pav; with centre and end local resistance αcentre4L and α
end
4L for arrays of near-optimal uniform local blockage.



















































Fig. 5: (Colour online.) Variation in normalised: (a) global power coefficient CPG, and; (b) available power
Pav; with centre and end local blockage BcentreL and B
end
L for arrays of near-optimal uniform local resistance.
3.2 Non-uniform local blockage219
Arrays with uniform local resistance α4L but non-uniform local blockage BL are considered220
next. Figs. 5a and 5b illustrate the variations in global power coefficient CPG and available221
power Pav with centre and end local blockage BL, normalised by the values obtained using222
the initial uniform arrangements. (Figs. A3 and A4 show the corresponding variations in223
local-scale extraction efficiency and channel-scale kinetic energy flux.) The solution space224
is reduced in this case because the variation in BL is subject to the additional constraint that225
the global blockage ratio BG must always equal 0.1.226
Fig. 5a shows that, as with non-uniform α4L, there is a significant range of non-uniform227
BL profiles which produce CPG values quite close to that of the uniform arrangement. Fig.228
5b reveals that the trend for Pav is again similar to that for CPG, and that for both metrics,229
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Fig. 6: (Colour online.) Variation in normalised global power coefficient CPG with centre and end local
resistance αcentre4L and α
end
4L for arrays with: (a) higher local blockage at their ends (B
end
L = 0.7) than at their
centre (BcentreL = 0.4), and; (b) higher local blockage at their centre (B
centre
L = 0.7) than at their ends
(BendL = 0.4).














































Fig. 7: (Colour online.) Variation in normalised available power Pav with centre and end local resistance
αcentre4L and α
end
4L for arrays with: (a) higher local blockage at their ends (B
end
L = 0.4) than at their centre
(BcentreL = 0.1), and; (b) higher local blockage at their centre (B
centre
L = 0.4) than at their ends (B
end
L = 0.1).
there is clear advantage to placing the larger turbines (i.e. those with higher values of BL)230
on the ends of the array rather than in the centre.231
3.3 Non-uniform local blockage and resistance232
Lastly, four examples of arrays with both non-uniform local blockage BL and non-uniform233
local resistance α4L are considered. Figs. 6 and 7 illustrate the variations in normalised234
global power coefficient CPG and normalised available power Pav with centre and end local235
resistance α4L for arrays with higher local blockage BL at their ends than at their centre, and236
for arrays with higher BL at their centre than at their ends. (Figs. A5, A6, A7, and A8 show237
the corresponding variations in local-scale extraction efficiency and channel-scale kinetic238
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energy flux.) The selected local blockage profiles vary from BL = 0.4 to BL = 0.7 for CPG239
and from BL = 0.1 to BL = 0.4 for Pav.240
Figs. 6 and 7 clearly demonstrate that the performance of the uniform arrays cannot be241
exceeded, or even matched, by varying both BL and α4L together across the width. These242
figures also show that arrays with larger turbines at their ends consistently outperform those243
with larger turbines at their centre. The peak normalised CPG for the array with higher BL244
at its ends is not only higher than that of the array with higher BL at its centre (∼0.99245
vs. ∼0.96), but is achieved with less variation in α4L across the width (∼ 0.48 ≤ α4L ≤∼246
0.71 vs. ∼ 0.44 ≤ α4L ≤∼ 0.76), a higher normalised channel-scale kinetic energy flux247
(∼1.14 vs. ∼1.01 — see Fig. A6), and only slightly lower normalised local-scale extraction248
efficiency (∼1.02 vs. ∼1.04 — see Fig. A5). The results for Pav are again similar: the array249
with larger turbines at its ends produces a higher peak normalised Pav (∼0.96 vs. ∼0.85),250
with less spanwise variation in α4L (∼ 0.33 ≤ α4L ≤∼ 0.58 vs. ∼ 0.33 ≤ α4L ≤∼ 0.62), a251
higher channel-scale kinetic energy flux (∼0.96 vs. ∼0.86 — see Fig. A8), and only slightly252
lower local-scale efficiency (∼1.08 vs. ∼1.11 — see Fig. A7). It is also worth noting that for253
all non-uniform arrays considered, power performance is maximised by tuning the smaller254
turbines (i.e. those with lower values of BL) to present higher local resistances (i.e. lower255
values of α4L) than the larger turbines.256
4 Discussion257
Given that turbine performance is a function of both blockage and resistance, it is unsur-258
prising that the performance of a turbine array in an initially uniform flow field cannot be259
improved by varying solely the local blockage BL or solely the local resistance α4L across260
the width. For a given BL, there exists a unique α4L to maximise either the available power261
Pav or average global power coefficient CPG. It seems intuitive, then, that varying BL and α4L262
independently of each other simply results in sub-optimal performance for the vast majority263
of turbines within the array. This finding agrees with Hunter et al. (2015), who used three-264
dimensional Reynolds-averaged Navier-Stokes simulations of porous discs to show that the265
average global power coefficient CPG for a cross-stream row of uniform BL is maximised266
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Fig. 8: (Colour online.) Variation in normalised: (a) local power coefficient CPL, and; (b) local thrust
coefficient CT L; across the array width W for near-optimally tuned uniform and non-uniform arrays.












































Fig. 9: (Colour online.) Variation in normalised: (a) available power Pav, and; (b) applied thrust T ; across
the array width W for near-optimally tuned uniform and non-uniform arrays.
by a uniform α4L. The finding does not agree, however, with Cooke et al. (2016), who used267
a three-scale actuator disc model to show that a cross-stream row with uniform α4L but268
non-uniform BL can produce a higher peak CPG than can be produced using the two-scale269
actuator disc model of Nishino & Willden (2012), for which both BL and α4L are uniform.270
That being said, it should also be noted that the third scale of mixing introduced by Cooke271
et al. (2016) divides the single row of turbines into multiple sub-rows within the same plane,272
thereby creating non-uniform BL profiles much more complicated than the simple linear273
variations considered here.274
Interestingly, it appears that neither can array performance be improved by varying both275
BL and α4L together across the array width. Figs. 8 and 9 show that although certain non-276
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uniform configurations can produce similar values of CPG or Pav to those of the uniform277
arrays, the operation of these non-uniform arrays is fundamentally different at local-scale,278
requiring large variations in both power and thrust among the turbines, which are undesirable279
from a design perspective.280
For all non-uniform arrays considered, the optimum strategy appears to be to tune the281
smaller turbines to present higher local resistances than the larger turbines. This does not282
appear to be a means by which to compensate for the variation in local blockage across the283
array width because it is not the most uniform variations in thrust and power which produce284
peak array performance. Rather, it implies there is some advantage in tuning the smaller285
turbines, which produce the least power, sub-optimally in order to divert more flow into the286
path of the larger turbines which produce the most power. This would also explain why it287
appears to be better to place the smaller, more resistant turbines at the centre of the array288
rather than at its ends — because placing the smaller, more resistant turbines at the centre289
ensures that there are larger turbines either side to take full advantage of the flow which is290
diverted both left and right.291
5 Conclusions292
Simple theoretical models have provided a number of valuable insights to inform the design293
of tidal turbine arrays, but have only recently begun to account for the non-uniformity inher-294
ent in the flow conditions that tidal turbines experience. The work of Draper et al. (2016),295
which extends the classical actuator disc model to incorporate an inviscid shear flow, rep-296
resents a considerable advance toward this goal. To investigate the effects of sheared flow,297
Draper et al. (2016) analyse the performance of an idealised turbine represented by a uni-298
form local resistance in a non-uniform flow field. Draper et al. (2016) also note, however,299
that their analysis could be extended to incorporate non-uniform local resistances in order300
to provide a better approximation of a tidal turbine array.301
In this paper, we take the first step toward such an extension by using depth-averaged302
numerical simulations to investigate the performance of non-uniform tidal turbine arrays in303
uniform flow. Results from the combined array and channel model of Bonar (2017) sug-304
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gest that the performance of a tidal turbine array in an initially uniform flow field cannot305
be improved by varying solely the local blockage, solely the local resistance, or both local306
blockage and resistance together, across the array width. Certain non-uniform configura-307
tions are found to produce similar power outputs and global power coefficients to those of308
uniform arrays, but the operation of these non-uniform arrays is shown to require large and309
undesirable variations in thrust and power among the turbines. These results suggest that for310
an initially uniform flow field, the optimal tidal turbine array is also uniform, that is to say311
that it comprises turbines of equal size, spacing, and resistance. This finding is encouraging312
because it is more cost-effective and much simpler to design each turbine to be the same313
and to operate in the same way. The result is also somewhat intuitive and, together with the314
findings of Adcock (2015) and Draper et al. (2016) on the performance of turbines in hor-315
izontally and vertically sheared flows, suggests a more general, and perhaps unsurprising,316
conclusion that tidal turbine arrays perform best when designed to account specifically for317
the flow conditions that they are to experience.318
Finally, we note that our analysis can, of course, be extended in many different ways.319
The present model can be adapted, for instance, to explore the effects of varying both local320
blockage and resistance in non-uniform flow fields, or to incorporate channel-scale dynam-321
ics and time-variable turbine tuning strategies (e.g. Vennell & Adcock, 2014; Vennell, 2016).322
A more thorough analysis will, however, require a more sophisticated numerical model to323
describe more accurately the individual and collective interactions with the flow which de-324
fine the performance of tidal turbines in arrays.325
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Fig. A1: (Colour online.) Variation in normalised: (a) local-scale extraction efficiency ηL, and; (b)
channel-scale kinetic energy flux EKG; corresponding to Fig. 4a.



















































Fig. A2: (Colour online.) Variation in normalised: (a) local-scale extraction efficiency ηL, and; (b)
channel-scale kinetic energy flux EKG; corresponding to Fig. 4b.
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Fig. A3: (Colour online.) Variation in normalised: (a) local-scale extraction efficiency ηL, and; (b)
channel-scale kinetic energy flux EKG; corresponding to Fig. 5a.




















































Fig. A4: (Colour online.) Variation in normalised: (a) local-scale extraction efficiency ηL, and; (b)
channel-scale kinetic energy flux EKG; corresponding to Fig. 5b.
















































Fig. A5: (Colour online.) Variation in normalised local-scale extraction efficiency ηL corresponding to: (a)
Fig. 6a, and; (b) Fig. 6b.
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Fig. A6: (Colour online.) Variation in normalised channel-scale kinetic energy flux EKG corresponding to:
(a) Fig. 6a, and; (b) Fig. 6b.
















































Fig. A7: (Colour online.) Variation in normalised local-scale extraction efficiency ηL corresponding to: (a)
Fig. 7a, and; (b) Fig. 7b.






















































Fig. A8: (Colour online.) Variation in normalised channel-scale kinetic energy flux EKG corresponding to:
(a) Fig. 7a, and; (b) Fig. 7b.
Performance of non-uniform tidal turbine arrays in uniform flow 19
References332
Adcock, TAA, Borthwick, AGL, Houlsby, GT (2011) The open boundary problem in tidal333
basin modelling with energy extraction. Proceedings of the 9th European Wave and Tidal334
Energy Conference, Southampton, UK.335
Adcock, TAA, Draper, S, Nishino, T (2015) Tidal power generation – A re-336
view of hydrodynamic modelling. Proc Inst Mech Eng A 229(7):755–771,337
https://doi.org/10.1177/0957650915570349.338
Adcock, TAA (2015) On tidal stream turbines placed off headlands. J Renew Sustain Energy339
7(6):061706, https://doi.org/10.1063/1.4936361.340
Betz, A (1920) Das Maximum der Theoretisch Möglichen Ausnützung des Windes durch341
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